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  ﻣﻠﺨﺺ اﻟﺮﺳﺎﻟﺔ
  
  ﻣﺤﻤﺪ ﻋﺒﺪاﻟﺮؤوف ﻣﺤﻤﺪ آل ﻏﺰوي:  إﺳﻢ اﻟﻄﺎﻟﺐ 
  (CFPU)ﺗﻘﯿﯿﻢ ﺗﺤﻜﻢ اﻟﺬﺑﺬﺑﺎت ﻣﻦ ﺧﻼل ﺳﯿﻄﺮة اﻟﺘﺪﻓﻖ اﻟﻜﮭﺮﺑﺎﺋﻲ اﻟﻤﻮﺣﺪ : ﻋﻨﻮان اﻟﺮﺳﺎﻟﺔ 
  ھﻨﺪﺳﺔ ﻛﮭﺮﺑﺎﺋﯿﺔ: اﻟﺘﺨﺼﺺ 
   م9002/ ﯾﻮﻧﯿﻮ : ﺗﺎرﯾﺦ اﻟﺘﺨﺮج 
  
ﻹﺿ ﺎﻓﺔ اﻟ ﻰ ﺗﻨﻈ ﯿﻢ اﻟﻔﻠﻮﺗﯿ ﺔ ﺑﺎﻓ ﻲ ﺧﻄ ﻮط ﻧﻘ ﻞ اﻟﻄﺎﻗ ﺔ ﺑﻘﺎﺑﻠﯿﺘﮫ اﻟﻔﺮﯾﺪة ﻟﻠﺴﯿﻄﺮة ﻋﻠﻰ اﻟﺘﺪﻓﻖ اﻟﻜﮭﺮﺑﺎﺋﻲ اﻟﺤﻘﯿﻘﻲ واﻟﺘﻔ ﺎﻋﻠﻲ 
ﻟﮫ اﻻﺳﺘﻄﺎﻋﺔ ﻓﻲ ﺧﻠﻖ اﻟﺘ ﺄﺛﯿﺮ اﻟﻜﺒﯿ ﺮ ﻋﻠ ﻰ (  CFPU) ﻓﺈن ﺟﮭﺎز ﺳﯿﻄﺮة اﻟﺘﺪﻓﻖ اﻟﻜﮭﺮﺑﺎﺋﻲ اﻟﻤﻮﺣﺪ ،ﻋﻨﺪ ﻧﻘﻄﺔ اﻟﺘﻮﺻﯿﻞ
  ﻓﺠﮭﺎز ﺳﯿﻄﺮة اﻟﺘﺪﻓﻖ اﻟﻜﮭﺮﺑﺎﺋﻲ اﻟﻤﻮﺣﺪ ﯾﻤﻜﻦ ان ﯾﺴﻤﺢ ﻟﺘﺤﻤﯿﻞ ﺧﻄﻮط ﻧﻘ ﻞ اﻟﻄﺎﻗ ﺔ ﺑ ﺎﻟﻘﺮب . اﺳﺘﻘﺮار اﻟﻨﻈﺎم اﻟﻜﮭﺮﺑﺎﺋﻲ 
 اﻟﺤﺮارﯾ ﺔ ، ﻛﻤ ﺎ اﻧ ﮫ ﯾﺠﺒ ﺮ اﻟﺘ ﺪﻓﻖ ﺧ ﻼل اﻟﻄ ﺮق اﻟﻤﻄﻠﻮﺑ ﺔ، وھ ﺬه ﺗﻌﻄ ﻲ اﻟﻤ ﺸﻐﻞ اﻟﻜﮭﺮﺑ ﺎﺋﻲ أﻛﺜ ﺮ ﻣﺮوﻧ ﺔ ﺎﻣ ﻦ ﺣ ﺪودھ 
ﻓﻲ ھﺬه اﻟﺮﺳﺎﻟﺔ ﯾﺘﻢ ﺑﺤﺚ أﻧﻈﻤﺔ ﺗﺤﻜﻢ ﺳﯿﻄﺮة اﻟﺘﺪﻓﻖ اﻟﻜﮭﺮﺑﺎﺋﻲ اﻟﻤﻮﺣﺪة اﻟ ﺴﺖ، . ﻹرﺿﺎء اﻟﻄﻠﺒﺎت ﻓﻲ اﻟﻨﻈﺎم اﻟﻜﮭﺮﺑﺎﺋﻲ 
 ﻣﻊ اﻟﺰاوﯾ ﺔ ، ﻣﻘ ﺪار ﻓﻮﻟﺘﯿ ﺔ ﻣﺤ ﻮل ﻋﻠ ﻰ اﻟﺘ ﻮاﻟﻲ ﻣ ﻊ اﻟﺰاوﯾ ﺔ ، ﺗﺤﻜ ﻢ ﻣﺠﺰئ اﻟﺘﯿﺎر اﻟﻜﮭﺮﺑﺎﺋﻲ وھﻲ ﻣﻘﺪار ﻓﻮﻟﺘﯿﺔ ﻣﺤﻮل 
، ﻗﯿﻤ  ﺔ ( DVS) ﺗ ﻢ دراﺳ ﺔ ﻓﻌﺎﻟﯿ ﺎت اﻟﻤﺘﻐﯿ  ﺮات اﻟ ﺴﺖ ﻣ ﻦ ﺧ ﻼل ﺗﻔ ﺴﺦ اﻟﻘﯿﻤ ﺔ اﻟﻤﻔ ﺮدة . ﻣﻜﺜ ﻒ وﻛ ﺬﻟﻚ ﻣﺜﺒ ﺖ اﻟﻨﻈ ﺎم 
اﺳ ﺔ ﺗ ﻢ در . ، ﻃﺮﯾﻘﺔ ﺣﺴﺎب اﻟﺒﻘﯿﺔ ، ﺗﻘﻨﯿﺔ ﺗﺤﺪﯾﺪ ﻗﻄﺐ ، واﺧﯿﺮا ﻃﺮق ﺣﺴﺎب ﺗﺄﺧﺮ رﺋﯿﺴﯿﺔ ( VSH) اﻟﻤﻔﺮدة leknaH
ﺟﯿ ﺪ ﺟ ﺪًا ﻣﺠ ﺰئ اﻟﺘﯿ ﺎر اﻟﻜﮭﺮﺑ ﺎﺋﻲ ﺟﻤﯿﻊ أدوات اﻟﺘﺤﻜﻢ اﻟﺴﺖ ﻹﯾﺠﺎد اﻻﻓﻀﻞ ﻣﻨﮭﺎ وﻗﺪ ﻟﻮﺣﻆ ﺑ ﺄن ردود ﻣﺤ ﻮل اﻟﺰاوﯾ ﺔ 
ﻣﺠ ﺰئ اﻟﺘﯿ ﺎر  ذﻟ ﻚ ﻣﻘ ﺪار اﻟﻔﻮﻟﺘﯿ ﺔ ﻣﺤ ﻮل ﻋﻠ ﻰ اﻟﺘ ﻮاﻟﻲ، ﻣﺜﺒ ﺖ اﻟﻨﻈ ﺎم اﻟﻜﮭﺮﺑ ﺎﺋﻲ، ﻣﻘ ﺪار ﻓﻮﻟﺘﯿ ﺔ ﻣﺤ ﻮل ﻟﻠ ﺴﯿﻄﺮة ﺗﻠ ﻰ
  .ﻄﺮة اﻟﻤﻜﺜﻒ، ﻣﺤﻮل اﻟﺰاوﯾﺔ ﻋﻠﻰ اﻟﺘﻮاﻟﻲ وأﺧﯿﺮا ﺳﯿاﻟﻜﮭﺮﺑﺎﺋﻲ 
  
  
   ، اﻟﺒﻘﯿﺔ ، ﻗﻄﺐ اﻟﺘﻨﺴﯿﺐ ، ﻃﺮق اﻟﺘﺄﺧﯿﺮDVS ، VSH  ، STCAF ، CFPU: اﻟﻜﻠﻤﺎت اﻟﻤﻔﺘﺎﺣﯿﺔ 
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CHAPTER 1 
 
 
INTRODUCTION 
 
 
1.1 POWER SYSTEM STABILITY 
A power system is an interconnection of generating units to load centers through high 
voltage electric transmission lines and, in general, is mechanically controlled. Electric 
power demand continues to grow and building of the new generating units and 
transmission circuits is becoming more difficult because of economic and environmental 
reasons. Therefore, power utilities are forced to depend on better utilization of existing 
generating units and to load the existing transmission lines close to their thermal limits. 
The power system should operate effectively without reduction in the system security and 
quality of supply even in the case of contingency conditions, to avoid system instability 
and possible black-outs. The examples of contingency conditions are losses of 
transmission lines and/or generating units, which occur frequently, and will most probably 
occur at a higher frequency under deregulation and major line or load switching. Under 
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the disturbance or contingency conditions the system could be poorly damped or even 
negatively damped giving rise to system oscillations and evenly transiently unstable 
situations. 
 
A good power system should possess the ability to regain its normal operating condition 
after a disturbance. Since ability to supply uninterrupted electricity determines the quality 
of electric power supplied to the load, stability is regarded as one of the important topics 
of power system research [1, 2, 3]. 
 
Power system stability can be defined by the ability of synchronous machines to remain in 
synchronism with each other. The capability of power system to remain in synchronism in 
the event of possible disturbance such as line faults, generator and line outages and load 
switching etc., is characterized by its stability. Depending on the order of magnitude and 
type of disturbances, power system stability can be classified as steady state stability, 
transient stability and slowly growing stability [4, 5, 6]. 
 
Following unbalances in the system, a power system may experience sustained 
oscillations. These oscillations may be local to a single generator or they may involve a 
number of generators widely separated geographically (inter-area oscillations). Local 
oscillations can occur, for example, when a fast exciter is used on the generator. Inter area 
oscillations may appear as the system loading is increased across the weak transmission 
links. If not controlled, these oscillations may lead to partial or total power interruption [7, 
8, 9]. 
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Damping the oscillations is not only important in increasing the transmission capability 
but also for stabilization of power system conditions after critical faults. If the net 
damping of the system is negative, then the system may lose synchronism. Extra damping 
has to be provided to the system in order to avoid this. Powerful damping in the system 
has a two fold advantage of both decreasing the amplitude of first swing and the ratio of 
each successive swing to the preceding one, thus resulting in overall improvement of 
stability margin of the system [10, 11]. 
The major methods of damping of power system oscillations are: 
1. Governor control: Control of input power mP  can stabilize a power system following a 
disturbance. Though governor control has shown some good results in damping control, it 
is not accepted by power utilities. 
 
2. Excitation control: Among the various methods of damping, excitation control is one of 
the most common and economical method. Excitation controllers are referred to as power 
system stabilizers (PSS). Power system stabilizers have been thought to improve power 
system damping by generator voltage regulation depending on system dynamic response 
[12, 13]. 
 
3. Braking Resistors: Braking resistors prevent transient instability by immediately 
absorbing the real power that would otherwise be used in accelerating the generator. 
These are very effective to damp the first power system swing. 
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4. Control of the rotor angle (d ): The electrical power output eP  can also be altered by 
varying the angled . Phase shifters can be employed to perform this job. 
 
5. Load shedding: This is the least considered option and is adopted as a last measure. 
 
6. Control of the line reactance: The electrical power output can be controlled by 
controlling the line reactance. Reactance control can be achieved by series or shunt 
compensation. Traditionally fixed compensators have been switched in and out of the 
system mechanically at slow rates. Developments in power electronics have allowed 
dynamic control of these static shunt and series compensators.  
 
In the late 1980s the Electric Power Research Institute (EPRI) has introduced a new 
technology program known as Flexible AC Transmission System (FACTS) [14]. The 
FACTS devices can be utilized in the existing power system by replacing mechanical 
controllers by reliable and high speed power electronic devices. In addition to steady state 
control of real and reactive flows in the system, the FACTS devices are known to be 
capable of improving the dynamic performance. 
  
 
1.2 FACTS DEVICES 
With the rapid development of power electronics, Flexible AC Transmission Systems 
(FACTS) devices have been proposed and implemented in power systems. FACTS 
devices can be utilized to control power flow and enhance system stability. Particularly 
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with the deregulation of the electricity market, there is an increasing interest in using 
FACTS devices in the operation and control of power systems with new loading and 
power flow conditions.  
 
1.2.1 DEFINITION OF FACTS 
According to IEEE, FACTS, which is the abbreviation of Flexible AC 
Transmission System, is defined as follows [16]: 
Alternating current transmission systems incorporating power electronics based 
and other static controllers to enhance controllability and power transfer 
capability. 
FACTS devices can be classified into the following. 
 
 
1.2.2 FIRST GENERATION OF FACTS DEVICES 
Power electronics based controllers were in use in power systems before 
N.G.Hingornani’s use of the terminology, FACTS. These first generation 
FACTS devices have a common characteristic that is the necessary reactive 
power required for the compensation is generated or absorbed by traditional 
capacitor or reactor banks, and thyristor switches are used for control of the 
combined reactive impedance and these banks present to the system during 
successive periods of voltage application.  
Consequently, conventional thyristor controlled compensator present a variable 
reactive admittance to the transmission network [22, 23]. 
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Some of the first generation FACTS devices are, 
 
1- Thyristor switched series capacitor (TSSC): A capacitive reactance 
compensator which consists of series capacitor bank shunted by a thyristor 
switched reactor to provide a stepwise control of series capacitive reactance. 
 
2- Thyristor controlled series capacitor (TCSC): A capacitive reactance 
compensator which consists of a series capacitive bank shunted by a thyristor 
controlled reactor in order to provide smooth variation of series capacitive 
reactance. 
 
3- Thyristor switched capacitor (TSC): Consists of a thyristor switched capacitor 
whose effective reactance is varied in stepwise manner by a thyristor valve. It is 
a shunt connected device. 
 
 
1.2.3 SECOND GENERATION OF FACTS DEVICES 
The second generation of FACTS controllers is based on voltage source 
converter, which use turn off devices like GTOs. These controllers require lower 
ratings of passive elements (inductors and capacitors) and the voltage source 
characteristics present several advantages over conventional variable impedance 
controllers.  
 
Some of the FACTS controllers belonging to this category are 
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1. Static synchronous series compensator (SSSC): It is a voltage –sourced 
converter based series compensator and was proposed by Gyugi [22] in 1989. 
 
2. Static synchronous compensator (STATCOM): STATCOM, previously 
known as STATCON or static condenser, is an advanced static Var compensator 
(SVC) using voltage source converters with capacitors connected on DC side. 
 
STATCOM resembles in many respects a rotating synchronous condenser used 
for voltage control and reactive power compensation. As compared to 
conventional SVC, STATCOM does not require expensive large inductors, 
moreover it can also operate as reactive power sink or source flexibly, which 
makes STATCOM more attractive [24]. Because of its several advantages over 
conventional SVC, it is expected to play a major role in the optimum and secure 
operation of AC transmission system in future. 
 
3. Unified power flow controller (UPFC): UPFC concept was proposed by 
Gyugi [22]. It consists of back to back voltage source converter arrangement, 
one converter of the back to back arrangement is in series and other is in shunt 
with the transmission line. 
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1.3 UNIFIED POWER FLOW CONTROLLER (UPFC) FOR IMPROVING 
STABILITY 
The unified power flow controller (UPFC) is a FACTS device which can control power-
system parameters such as terminal voltage, line impedance and phase angle [14, 17]. The 
primary function of the UPFC is to control power flow on a given line and voltage at the 
UPFC bus. This is achieved by regulating the controllable parameters of the system: line 
impedance, phase angle and voltage magnitude independently or simultaneously in any 
appropriate combinations. The UPFC can also be having the capabilities of controlling 
power flow in the transmission line, improving the transient stability, mitigation system 
oscillations and providing voltage support be utilized for damping power system 
oscillations by judiciously applying a damping controller.  
 
 
1.4 THESIS OBJECTIVES 
A good amount of work has been reported in the literature regarding the damping controls 
of UPFC. However, a systematic search in determining the hierarchy of the stabilizing 
control is very limited. Sometimes, the findings are even confusing.  
 
This research examines the order of the various damping controls through several 
decomposition techniques. The procedure to achieve the thesis objective is broken down 
to the following steps: 
 
1- Develop a dynamic model of a single machine infinite bus model including the 
UPFC. 
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2- Identify the various UPFC controls which can provide damping to the system.  
 
3- Determination of the hierarchy of the UPFC controls by using different 
decomposition methods like singular value decomposition (SVD), residue method, 
and Hankel singular value (HSV). 
 
4- Designing UPFC controllers using the residue, pole placement and power 
oscillation damping (POD) methods.  
 
5- Realize the design using Lead-Lag and PI controllers. 
 
6- Dynamic simulation for testing the controller design. 
 
 
1.5 THESIS ORGANIZATION 
This thesis is organized as follows: in Chapter 2, literature search on FACTS devices and 
their basic operating principles are presented.  
 
Chapter 3 develops dynamic models of power system including UPFC for a single 
machine infinite bus system.  
 
Chapter 4 presents some techniques used in the controllers design process. These controls 
are singular value decomposition, Hankel singular value, and residue. 
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The controller structures lead-lag compensators and PI controller are presented in chapter 
5, while simulation studies for all controls are discussed in chapter 6 
 
Finally, a conclusions and suggested future work are presented in chapter 7. 
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CHAPTER 2 
 
 
LITERATURE SURVEY 
 
 
This chapter presents a comprehensive literature search on FACTS Devices – introduction 
and these basic operating principles of FACTS devices are carried out. UPFC basic 
operation and characteristics are identified. 
 
 
2.1 OPPORTUNITIES FOR FACTS 
FACTS technology opens up new opportunities for controlling power and enhancing the 
usable capacity of present, as well as new and upgraded lines. The possibility that current 
through a line can be controlled at a reasonable cost enables a large potential of increasing 
the capacity of existing lines with larger conductors, and use of one of the FACTS 
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controllers to enable corresponding power to flow through such lines under normal and 
contingency conditions. 
 
These opportunities arise through the ability of FACTS controllers to control the 
interrelated parameters that govern the operation of transmission systems including series 
impedance, shunt impedance, current, voltage, phase angle and the damping of 
oscillations at various frequencies below the rated frequency. These constraints cannot be 
overcome, while maintaining the required system reliability, by mechanical means 
without lowering the usable transmission capacity. By providing added flexibility, 
FACTS controllers can enable a line to carry power closer to its thermal rating. 
Mechanical switching needs to be supplemented by rapid response power electronics. It 
must be emphasized that FACTS is an enabling technology, and not a one-to-one 
substitute for mechanical switches. 
 
The FACTS technology is not a single high power controller, but rather a collection of 
controllers, which can be applied individually or in coordination with others to control 
one or more of the interrelated system parameters mentioned above [18, 19, 20, 21].  
Some of the functions of FACTS devices are, 
 
• Regulation of power flows in prescribed transmission routes. 
• Secure loadings of lines near their thermal limits. 
• Prevention of cascading outages by contributing to emergency control. 
• Damping of oscillations which can threaten security or limit the usable line capacity and 
improve system stability in general. 
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Below the different main types of FACTS devices are described: 
 
 
 
2.1.1 STATIC VAR COMPENSATOR (SVC). 
The most important FACTS devices have been used for a number of years to improve 
transmission line economics by resolving dynamic voltage problems. The accuracy, 
availability and fast response enable SVC’s to provide high performance steady state and 
transient voltage control compared with classical shunt compensation. SVC’s are also 
used to dampen power swings, improve transient stability, and reduce system losses by 
optimized reactive power control. 
 
 
2.1.2 THYRISTOR CONTROLLED SERIES COMPENSATOR (TCSC)  
TCSCs are an extension of conventional series capacitors through adding a thyristor-
controlled reactor. Placing a controlled reactor in parallel with a series capacitor enables a 
continuous and rapidly variable series compensation system. The main benefits of TCSCs 
are increased energy transfer, dampening of power oscillations, dampening of 
subsynchronous resonances, and control of line power flow. 
 
 
2.1.3 STATCOM 
STATCOMs are GTO (gate turn-off type thyristor) based SVC’s. Compared with 
conventional SVC’s (see above) they don’t require large inductive and capacitive 
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components to provide inductive or capacitive reactive power to high voltage transmission 
systems. This results in smaller land requirements. An additional advantage is the higher 
reactive output at low system voltages where a STATCOM can be considered as a current 
source independent from the system voltage.  
 
 
2.1.4 UNIFIED POWER FLOW CONTROLLER (UPFC) 
A special arrangement of two VSCs, one connected in series with the AC system and the 
other one connected in shunt, with common DC terminals is called Unified Power Flow 
Controller (UPFC). UPFC can be used for power flow control, loop flow control, load 
sharing among parallel corridors, providing voltage support, enhancement of transient 
stability, mitigation of system oscillations, etc.[14,16]. It can control all three basic power 
transfer parameters independently or simultaneously in any appropriate combinations. The 
UPFC can independently control real and reactive power flow along the transmission line 
at its output end, while providing reactive power support to the transmission line at its 
input end by regulating the DC-link capacitor voltage and varying both the phase angle 
and the modulation index of the input inverter [15]. This proposal addresses the dynamic 
performance enhancement impact of UPFC. 
 
 
2.2 POSSIBLE BENEFITS FROM FACTS TECHNOLOGY 
Within the basic system security guidelines, the FACTS devices enable the transmission 
system to obtain one or more of the following benefits [16, 25-28]: 
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· Control of power flow as ordered. This is the main function of FACTS devices. 
The use of power flow control may be to follow a contract, meet the utilities’ own 
needs, ensure optimum power flow, ride through emergency conditions, or a 
combination of them. 
 
· Increase utilization of lowest cost generation. One of the principal reasons for 
transmission interconnections is to utilize the lowest cost generation. When this 
cannot be done, it follows that there is not enough cost-effective transmission 
capacity. Cost-effective enhancement of capacity will therefore allow increased 
use of lowest cost generation. 
 
· Dynamic stability enhancement. This FACTS additional function includes the 
transient stability improvement, power oscillation damping and voltage stability 
control. 
 
· Increase the loading capability of lines to their thermal capabilities, including short 
term and seasonal demands. 
 
· Provide secure tie-line connections to neighboring utilities and regions thereby 
decreasing overall generation reserve requirements on both sides. 
 
· Upgrade of transmission lines. 
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· Reduce reactive power flows, thus allowing the lines to carry more active power. 
· Loop flows control. 
 
Table 1 describe the technical benefits of the principal FACTS devices. For each problem 
the conventional solution (e.g. shunt reactor or shunt capacitor) also can be used. For 
dynamic applications of FACTS in addressing problems in transient stability, dampening, 
post contingency voltage control and voltage stability. FACTS devices are required when 
there is a need to respond to dynamic (fast-changing) network conditions. The 
conventional solutions are normally less expensive than FACTS devices – but limited in 
their dynamic behavior. It is the task of the planners to identify the most economic 
solution. 
 
Table 1: Technical benefits of the main FACTS devices 
 
 
2.3 UPFC BASIC OPERATION AND CHARACTERSTICS 
This section will explain basic operation and characteristics of the UPFC. Since UPFC 
consists of two voltage-sourced converters (VSCs), basics of VSCs will be briefly 
discussed at the beginning of the section. 
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2.3.1 BASICS OF VOLTAGE SOURCE CONVERTERS AND PULSE WIDTH 
MODULATION TECHNIQUE 
Typical three-phase VSC is shown in Figure 2.1 
 
Figure 2.1 Three-phase voltage sourced-converters 
 
It is made of six valves each consisting of a gate turn off device (GTO) paralleled with a 
reverse diode, and a DC capacitor. An AC voltage is generated from a DC voltage through 
sequential switching of the GTOs. The DC voltage is unipolar and the DC current can 
flow in either direction. 
 
Controlling the angle of the converter output voltage with respect to the AC system 
voltage controls the real power exchange between the converter and the AC system. The 
real power flows from the DC side to AC side (inverter operation) if the converter output 
voltage is controlled to lead the AC system voltage. If the converter output voltage is 
made to lag the AC system voltage the real power will flow from the AC side to DC side 
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(rectifier operation). Inverter action is carried out by the GTOs while the rectifier action is 
carried out by the diodes. Two switches on the same leg cannot be on at the same time. 
 
Controlling the magnitude of the converter output voltage controls the reactive power 
exchange between the converter and the AC system. The converter generates reactive 
power for the AC system if the magnitude of the converter output voltage is greater than 
the magnitude of the AC system voltage. If the magnitude of the converter output voltage 
is less than that of the AC system the converter will absorb reactive power. 
 
The converter output voltage can be controlled using various control techniques. Pulse 
Width Modulation (PWM) techniques can be designed for the lowest harmonic content. It 
should be mentioned that these techniques require large number of switching per cycle 
leading to higher converter losses. Therefore, PWM techniques are currently considered 
unpractical for high voltage applications. However, it is expected that recent 
developments on power electronic switches will allow practical use of PWM controls on 
such applications in the near future. Due to their simplicity many authors, i.e. [29, 30, 31, 
32], have used PWM control techniques in their UPFC studies. 
 
 
2.3.2 UPFC DESCRIPTION AND OPERATION 
The basic components of the UPFC are two voltage source converters sharing a common 
DC storage capacitor, and connected to the system through coupling transformers. The 
voltage source at the sending bus is connected in shunt and will therefore be called the 
shunt voltage source. The second source, the series voltage source, is placed between the 
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sending and the receiving busses. The UPFC is placed on high-voltage transmission lines. 
This arrangement requires step-down transformers in order to allow the use of power 
electronics devices for the UPFC. A basic UPFC functional scheme is shown in Figure 
2.2.  
  
Figure 2.2 Power system with UPFC 
 
The series converter is controlled to inject a symmetrical three phase voltage system, vse, 
of controllable magnitude and phase angle in series with the line to control active and 
reactive power flows on the transmission line. So, this converter will exchange active and 
reactive power with the line. The reactive power is electronically provided by the series 
converter, and the active power is transmitted to the DC terminals. The shunt converter is 
operated in such a way as to demand this DC terminal power (positive or negative) from 
the line keeping the voltage across the storage capacitor dcV  constant. So, the net real 
power absorbed from the line by the UPFC is equal only to the losses of the two 
G 
tV EV  
tx lI
EI
bV
em ea bm ba
VSC-E VSC-B 
+ ـــ be
+ 
ـــ 
Ee
iI cV o
I
BT
ET
 20
converters and their transformers. The remaining capacity of the shunt converter can be 
used to exchange reactive power with the line so to provide a voltage regulation at the 
connection point. 
 
The two voltage source converters can work independently of each other by separating the 
DC side. So in that case, the shunt converter is operating as a STATCOM that generates 
or absorbs reactive power to regulate the voltage magnitude at the connection point. 
Instead, the series converter is operating as SSSC that generates or absorbs reactive power 
to regulate the current flow, and hence the powers flow on the transmission line. 
 
Because of its attractive features, modeling and controlling an UPFC have come into 
intensive investigation in the recent years. 
 
Several references in technical literature can be found on development of UPFC steady 
state, dynamic and linearized models. Steady state model referred as an injection model is 
described in [33]. 
 
If a UPFC is operated in the automatic control mode (i.e. to maintain a pre-specified 
power flow between two power system buses, the sending and the receiving buses, and to 
regulate the sending end voltage at the specific value) the UPFC sending end is 
transformed into a PV bus while the receiving end is transformed into a PQ bus, and 
conventional load flow (LF) program can be performed [29]. This method is simple and 
easy to implement but it will only work if real and reactive power flows and the sending 
bus voltage magnitude are controlled simultaneously. It should be also mentioned that 
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there is no need for an iterative procedure used in [29] to compute UPFC control 
parameters. They can be computed directly after the conventional LF solution is found. 
Due to the advantages that the automatic power flow control mode offers, this mode will 
be used as the basic operation mode for the most of the practical applications. 
 
 
A Newton-Rhapson based algorithm for large power systems with embedded FACTS 
devices is derived in [45]. In [46] this algorithm was extended to include UPFC 
application. It allows simultaneous or independent control of real and reactive powers and 
voltage magnitude. The algorithm itself is very complicated and hard to implement. It 
considerably increases the order of the Jacobian matrix in the iterative procedure and is 
quite sensitive to initial condition settings. Improper selection of initial condition can 
cause the solution to oscillate or diverge. 
 
UPFC dynamic model known as a fundamental frequency model can be found in [29, 32, 
49, 53]. This model consists of two voltage sources one connected in series and the other 
one in shunt with the power network to represent the series and the shunt voltage source 
inverters. Both voltage sources are modeled to inject voltages of fundamental power 
system frequency only. Model in [49] neglects the DC link capacitor dynamics which 
might make results obtained using this model inaccurate, models in [29, 32,  53] include 
DC link capacitor dynamics and can be used for study of UPFC effect on the real power 
system behavior. 
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The linearized model of the power network including UPFC is useful for small signal 
analysis and damping controller design. The UPFC linearized model can be found in [49] 
and [52]. While deriving these models some simplification have been made, i.e. the model 
described in [49] does not include DC link dynamics, the model derived in [52] assumes 
that the UPFC sending and receiving buses are also generator terminal buses. However, 
UPFC can be connected between any two buses in the network. Therefore, these models 
do not represent the general form of the linearized network.  
 
General form of the linearized model of the network with UPFC included will be derived 
in the case study of this thesis. 
 
 
2.4 UPFC POWER OSCILLATION DAMPING CONTROLLER DESIGN 
In this section, Linear method for UPFC power oscillation damping controller design will 
be discussed. Generally, there are two kinds of power oscillation damping controllers in 
power systems: power system stabilizer and FACTS power oscillation damping 
controllers. Power system stabilizer acts through the excitation system of generator to 
increase the damping of electromechanical oscillations by generating a component of 
electrical torque proportional to speed change. 
 
Usually power system stabilizers are designed for damping local electromechanical 
oscillations. However, in large power systems, these power system stabilizers may not 
provide enough damping for inter-area modes. In this case, FACTS devices offer an 
effective strategy for inter-area modes damping control. 
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UPFC power oscillation damping controller design generally, the damping function of 
UPFC devices is performed mainly through the changes of the power delivered along the 
transmission line. With appropriate lead-lag compensation, the damping torque provided 
by the UPFC damping control is proportional to the gain of the controller. 
 
Since UPFC device is located in transmission systems, local input signals are always 
preferable. Residue method, singular value decomposition (SVD), Hankel singular value 
(HSV) and damping torque components are an appropriate approach in finding the most 
proper local feedback signal in the controller design procedure. Moreover, it is also a 
simple and practical approach for designing of UPFC power oscillation damping 
controllers. Therefore, in this thesis, residue method, singular value decomposition 
(SVD), and Hankel singular value (HSV) are applied and the linear UPFC power 
oscillation damping controller design procedure is shown as follows: 
 
· Selection of proper feedback signal. 
· Design of the controller using the above method. 
· Test the controller under operation condition. 
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CHAPTER 3 
 
 
POWER SYSTEM MODEL WITH UPFC 
 
 
Power system analysis requires proper and adequate mathematical representation so as to 
include all significant components of the power system. Dynamic models, both non-linear 
and linearized, for single machine infinite bus installed with UPFC are presented in this 
chapter. 
 
 
3.1 THE SINGLE MACHINE INFINITE BUS SYSTEM 
A single machine infinite bus (SMIB) system including the UPFC is shown in Figure 3.1. 
The UPFC is composed of an excitation transformer (ET), a boosting transformer (BT), 
two three-phase GTO based voltage source converters (VSC), and a DC link capacitor. 
Symbols ''m and ''a refer to amplitude modulation index and phase angle of the control 
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signal of the two VSCs (E and B), respectively which can be adjusted through their own 
control loops. 
 
Figure 3.1 UPFC installed in SMIB power system 
 
The dynamic models for the various components of the system are given in the following 
sections. 
 
 
3.1.1 SYNCHRONOUS GENERATOR AND ITS EXCITATION SYSTEM 
The synchronous generator is modeled through a 3rd order dynamic including the q-axis 
component of transient voltage and electromechanical swing equation representing motion 
of the rotor. The internal voltage equation of the generator is written as, 
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where, 'qe  subscript d and q represents the direct and quadrature axis of the machine. 
dx ,
'
dx , and 
'
doT  are the d-axis synchronous reactance, transient reactance and open 
circuit field constants, respectively. dI  is the current along the d-axis and 
'
qe  is the 
voltage behind the transient reactance. 
 
The electromechanical swing equation is broken into two first order differential equations 
and is written as, 
 
)]1([
2
1' ---= ww DPP
H em
       
)1(' -= wwd b          
 
where, the electrical power output is, 
 
qqdde IvIvP +=  
qqd Ixv =  
ddqq Ixev
'' -=  
dv  and qv  are components of generator terminal voltage ( tV ). mP  is the mechanical 
power input. H is the inertia constant in seconds, (2H = M). bw  is the synchronous speed. 
qx  and 
'
dx  are quadrature axis synchronous reactance and transient reactance.  
(3.2) 
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The IEEE type ST is used for the voltage regulator excitation. The block diagram of the 
excitation system is shown in Figure 3.2. 
 
 
Figure 3.2 Block diagram of excitation system 
 
The dynamic model of the excitation system is, 
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where, rK  and rT  are the gain and time constant of exciter, respectively. tov  represents 
the steady state (reference) value of terminal voltage. pssu  is the power system stabilizer 
input control. 
 
 
3.1.2 THE UPFC SYSTEM 
In the power system model shown in Figure 3.1 EV  and bV  are the generator terminal 
voltage and infinite bus bar voltage, respectively. The total current drawn from the 
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sending end tI consists of the current flowing through the line lI and the current 
exchanged with the shunt converter EI  of the UPFC system. Shunt transformer 
inductance and resistance are represented by eL  and er . Series transformer inductance 
and resistance are assumed negligible compared to transmission line impedance. 
 
By performing Park transformation, the current through the shunt inverter can be 
described by the following equations 
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where subscripts d and  q denote the Park components of the currents and voltages. 
Similarly, the transmission line can be described by 
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))(( '' ldedtdeqeq IIxxev ++-=  
 
)cos( bvqebbd vv dd -=  
          (3.7) 
)sin( bvqebbq vv dd -=  
 
eceed Vme acos=  
          (3.8) 
eceeq Vme asin=  
 
bcbbd Vme acos=  
          (3.9) 
bcbbq Vme asin=  
where, 
qx  and tx  are quadrature axis synchronous reactance and transformer reactance 
connected to the generator bus respectively. eqI  and lqI  are quadrature of shunt 
transformer and the transmission line current, edI  and ldI  are direct of shunt 
transformer and the transmission line current, em  and ea  are the modulation index  and 
angle of shunt converter. cV  is DC-link capacitor voltage.  
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The instantaneous powers at the AC and DC terminals of the input and output converters 
are equal if the converters are assumed to be lossless.  
)( oic IIdt
dVC +=         (3.10) 
This gives two power balance equations in per unit, 
eqeqededic IeIeIV +=  
          (3.11)  
lqbqldbdoc IeIeIV +=  
 
 (3.9) and (3.11) substituted in (3.10) gives, 
]sincossincos[1 blqbbldbeeqeeedec ImImImImCdt
dv
aaaa +++=  
(3.12) 
A new idea which has not been reported in the literature is to change the capacitance (C) 
of the UPFC system. This can be achieved in a similar way as static var control (SVC) 
system. The impact of varying C on the system performance has been examined. Figure 
3.3 shows the block diagram of the controller. An auxiliary control cu  in the circuit can 
adjust the susceptance B of the UPFC DC capacitor to cater for the system need.  
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Figure 3.3 Block diagram of capacitor control 
 
The dynamic model of the capacitor control drive is given below: 
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where, cK and cT  are the gain and time constant of capacitor control circuit, respectively. 
In the above, crV  represents the steady state (reference) value of voltage. 
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The composite model of a synchronous generator UPFC system can be expressed through 
the 10th nonlinear dynamic equations, 
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These can be expressed in terms of the non-linear state equations  
( )uxfx ,
.
=          (3.14) 
where x  is the vector of the states Tfdqclqldeqed EewVBIIII ],,,,,,,,,[
'd   
and control vector u  is [ ]Tpsscbbee uumm ,,,,, aa . 
 
 
3.2 THE LINEARIZED EQUATIONS 
The nonlinear set of equations  (3.1), (3.2), (3.3), (3.4), (3.5), (3.12) and (3.13) can be 
linearized around  a nominal operating point and can be expressed as   
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where, 
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Arranging the state equations in matrix form gives the linear state matrix equations  
BuAxx +=            (3.36) 
Here, ( x ) is the perturbation of the states and (u ) is the vector of control. Details of the 
derivations are given in Appendix A. 
 
 
 
 
 
 
 
 
 
(3.33) 
(3.34) 
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CHAPTER 4 
 
 
DETERMINATION OF HIERARCHY OF THE UPFC DAMPING 
CONTROLS 
 
 
The six controls variables [ psscbbee uumm ,,,,, aa ] identified in previous chapter 
are evaluated in terms of their effectiveness in terms of providing damping to the system. 
The methods employed for the evaluation processes are singular value decomposition 
(SVD), Hankel singular value (HSV), and residue method. These methods are briefly 
outlined in the following sections.  
 
 
4.1 SINGULAR VALUE DECOMPOSITION (SVD) 
 38
To measure the controllability of the electromechanical mode by a given input, the 
singular value decomposition (SVD) is a useful tool. Mathematically, if G is an m×n 
complex matrix then there exist unitary matrices W and V with dimensions of m×m and 
n×n respectively such that G can be written as 
 
å= HVWG          (4.1) 
where 
å å ú
û
ù
ê
ë
é
=
00
0
1 ; this is m×n matrix and å1   is defined as  
 
å
ú
ú
ú
ú
û
ù
ê
ê
ê
ê
ë
é
=
1
2
1
000
....
0.0
0.0
rs
s
s
 
 
where r =  min{m,n} and  21 ss ³  ³   ….. 0³³ rs    are placed diagonally in a 
descending order  and 2is  is an eigenvalue of GG
H , where HG  is the complex 
conjugate transpose of G. 
 
The minimum singular value, mins , of the matrix [λI–A bi] indicates the capability of the 
thi  input to control the mode associated with the eigenvalue (l ) . In this study, the 
matrix B can be written as B =  [b1, b2, b3, b4, b5, b6] where bi is the column of matrix B 
corresponding to the thi  input.  As a matter of fact, the higher the mins , the higher the 
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controllability of this mode by the input considered. Having been identified, the 
controllability of the electromechanical mode can be examined with all inputs in order to 
identify the most effective one to control that mode [36]. For the single machine infinite 
bus power system considered, the A and B matrices in (3.16) are given in appendix B.  
These are calculated for a loading of 1.02 p.u. The parameters of the system and steady 
state operating values of other variables for this loading condition are included in 
Appendix F.  
 
For 10 state variables and 6 control inputs, the dimensions of matrices A and B are 
1010´  and 610´  respectively. The eigenvalues of the A matrix for nominal operation 
are [-28 ±j2790.3, -9.4 ±j377.5, -21.8, -19.7, -0.2 ±j4.0, -0.3 ±j0.8] 
 
The singular value decomposition method was used for the SMIB linearized model. The 
minimum singular values corresponding to all the 6th control variables for a range of 
operating conditions were computed. The results have been plotted in Figure 4.1.  From 
the plot it can be observed that the ranks in terms of  mins  are  shunt transformer phase 
angle followed by power system stabilizer, shunt transformer voltage magnitude, series 
transformer voltage magnitude, series transformer phase angle and capacitor control 
respectively. This implies that input ea , the shunt converter phase angle control, has the 
highest controllability of oscillation mode.  
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Figure 4.1: Minimum singular value output 
 
 
4.2 HANKEL SINGULAR VALUES (HSV) 
Controllability and observability of a system play an important role in selecting input-
output signals. In order to specify which combination of input-output contains more 
information about the system internal states, one possible approach is to evaluate 
observability and controllability indexes of the system.  
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A system is said to be controllable if for any initial state xD  ( 0t ) = 0x and any final state 
xD ( 1t ) = 1x  , there exists an input that transfers 0x to 1x in a finite time. Otherwise, the 
system is said to be uncontrollable. 
 
The system is said to be observable if for any unknown initial state xD  ( 0t  ) = 0x  , there 
exists a finite 1t  > 0 such that the knowledge of the input u and output yover [0, 1t ] 
suffices to determine uniquely the initial state 0x . Otherwise, the system is said to be 
unobservable. 
 
A linear time invariant system can be defined as  
ïî
ï
í
ì
+=
+==
DuCxy
BuAxxG
.
        (4.2) 
 
Two possible ways to check that the above system is controllable are 
 
• (A, B) is controllable if and only if matrixf , defined as  
B[=f  AB  BA2  …… ]1BAn-   has full rank n, where n is the number of states. 
 
• (A, B) is controllable if and only if the controllability Gramian matrix defined as 
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ò
¥
=
0
dteBBeP t
TATAt        (4.3) 
 
is positive definite, which has full rank n . Matrix P is the solution to the following 
Lyapunov equation: 
 
0=++ TT BBPAAP         (4.4) 
 
Also, there are two possible ways to check the observability of the above system: 
 
• (A ,C ) is observable if and only if matrix y  , defined as 
 
ú
ú
ú
ú
û
ù
ê
ê
ê
ê
ë
é
=
-1
.
nCA
CA
C
y  has full rank n.       (4.5) 
 
• (A ,C ) is observable if and only if the observability Gramian matrix defined as 
 
ò
¥
=
0
dteCCeQ AtTt
TA        (4.6) 
 
has full rank n and, thus, is positive definite.  
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Matrix Q satisfies the following Lyapunov equation: 
 
0=++ CCQAQA TT         (4.7) 
 
P and Q are symmetric and since the realization is minimal they are also positive definite. 
The eigenvalues of the product of the controllability and observability gramians play an 
important role in system theory and control. We define the Hankel singular values, is , as 
the square roots of the eigenvalues of PQ  
 
)(PQii ls =      i=1,…..,n      (4.8) 
 
which reflects the joint controllability and observability of the states of a system where 
)(PQil  is thi the eigenvalue of PQ . 
 
Thus, for choosing input and output signals, the HSV can be calculated for each 
combination of inputs and outputs, the candidate with the largest HSV shows better 
controllability and observability properties. It means that this candidate can give more 
information about system internal states [36].  
 
Figure 4.2 shows the representation of Hankel singular value is  against the 10 
eigenvalues corresponding to the 10 states.  It can be observed the largest singular value is 
for the shunt converter phase angle followed in order, series converter voltage magnitude 
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( bm ), power system stabilizer ( pssu ), shunt converter voltage magnitude ( em ), series 
converter phase angle( )ba , capacitor control ( cu ) respectively. This again indicates the 
shunt converter phase angle was the highest controllability of oscillation mode. 
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Figure 4.2: Hankel singular value output 
 
 
4.3 RESIDUE METHOD 
Choosing an appropriate output variable, the state-output system  of equations for UPFC 
device can be represented by following equation: 
uDxCy
uBxAX
D+D=D
D+D=D
.
 (4.9) 
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where 
.
xD  is the state vector (dimension 10´  1) 
uD is the input vector (dimension 6 ´  1) 
yD  is the output vector (dimension 1 ´  1) 
A is the state matrix (dimension 10 ´  10) 
B is the input matrix (dimension 10´  6) 
C is the output matrix (dimension 1 ´  10) 
D is the feed forward matrix  
 
The eigenvalues of matrix "A" are given by 
 
0)det( =- IA l         (4.10) 
 
Expansion of the determinant gives the characteristic equation. The xn   solutions of 
xnlll ,......,1=  are eigenvalues of A. 
Let  iii jw±= sl  
Be the thi eigenvalue of the state matrix A. The real part of the eigenvalues gives the 
damping, and the imaginary part gives the frequency of oscillation. The relative damping 
ratio is given by: 
 
22 w+
-
=
s
s
x         (4.11) 
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The critical oscillatory modes considered here are those having damping ratio less than 
3%. 
 
If the state space matrix A has n distinct eigenvalues, Λ, Φ and Ψ below are the diagonal 
matrix of eigenvalues and matrices of right and left eigenvectors, respectively: 
Any non-zero vector iF  which satisfies 
FL=FA          (4.12) 
 
is termed the right eigenvector of A, corresponding to the eigenvalue il  . iF  has 
dimension xn ´  1. The xn  right eigenvectors conform the modal matrix 
 
xxx nnn ´FFF=F ]...[ 21  
Likewise, any non-zero vector " iY " which satisfies 
 
LY=YA          (4.13) 
 
is termed the left eigenvector of  A corresponding to the eigenvalue il . iY  has dimension 
1 ´  xn . The xn  left eigenvectors conform the modal matrix 
[ ]T
nn
T
n
TT
xxx ´
YYY=Y )(.....)()( 21  
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As a summery  xn  eigenvalues can be expressed in the following matrix form 
 
1-F=Y
LY=Y
FL=F
A
A
 
 
In order to modify a mode of oscillation by feedback, the chosen input must excite the 
mode and it must also be visible in the chosen output. The measures of those two 
properties are the controllability and observability, respectively. The modal controllability 
and modal observability matrices are defined as follows: 
 
F=
F= -
CC
BB
'
1'
 
 
The mode is uncontrollable if the corresponding row of the matrix 'B  is zero. The mode 
is unobservable if the corresponding column of the matrix 'C  is zero. If a mode is either 
uncontrollable or unobservable, feedback between the output and the input will have no 
effect on the mode. The open loop transfer function of a SISO (single input single output) 
system is: 
 
BAsIC
su
sysG 1)(
)(
)()( --==       (4.15) 
 
(4.14) 
 48
G(s) can be expanded in partial fractions of the Laplace transform of y  in terms of  C, B, 
matrices and the right and left eigenvectors as: 
 
å å
= = -
=
-
YF
=
N
i
N
i i
i
i s
R
s
BiiCsG
1 1 )()(
:),()(:,)(
ll
    (4.16) 
 
Each term in the denominator of the summation is a scalar called residue. The residue for 
a particular mode gives the sensitivity of that mode’s eigenvalue to feedback between the 
output y and the input u for a SISO system. It is the product of the mode’s observability 
and controllability. 
 
 
Figure 4.3: Feedback control system 
 
Figure 4.3 shows a system G(s) equipped with a feedback control )(),( skHksH =  
where k is a constant gain between output and input, when applying the feedback control, 
eigenvalues of the initial system G(s) are changed. It can be proved [37], that when the 
feedback control is applied, movement of an eigenvalue is calculated by: 
 
G(s) 
H(s) 
uD 
refu y(s) u  
+ 
- 
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)( iii HRdk
d
l
l
=         (4.17) 
 
for small values of gain, the equation can be written as: 
 
)( iii HRk
l
l
=
D
D
 
 
If a feedback transfer function is added to the open system, it can be shown that 
 
)(
),(
iii
iii
HkR
kHR
ll
ll
=D
=D
                    (4.18) 
 
It can be observed from (4.18) that the shift of the eigenvalue caused by a controller is 
proportional to the magnitude of the residue. The change of eigenvalue must be directed 
towards the left half complex plane for optimal damping improvement. For a certain mode 
to be controlled, a same type of feedback control H(s), regardless of its structure and 
parameters, is tried out at different locations. For the mode of the interest, the residues at 
tried locations are calculated. The largest residue indicates the most effective location to 
apply the feedback control.  
 
Figure 4.4 shows a plot of the residues of the SMIB power system against system 
eigenvalues (or states). The output of the system considered to be speed deviation giving 
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the C matrix to be  [ 0 0 0 0 0 0 0 1 0 0]. For the values of A and B matrices for the 
nominal operating point the plant transfer function was computed as  
 
å å
= = -
=
-
YF
=
N
i
N
i i
i
i s
R
s
BiiCsG
1 1 )()(
:),()(:,)(
ll
     
 
where F  and Y  are obtained through (4.12 ) and (4.13). 
From Figure 4.4 we can observe that 1, 2, 7 and 8 contribute the largest residue and hence 
are most controllable and observable. We exclude 1, 2 because they correspond to stator 
currents of the generator. States 7 and 8 correspond to the electromechanical modes of 
oscillation. The residue indices indicate that control of shunt converter angle will be most 
effective in terms of damping control of the system, following in order by series converter 
voltage magnitude ( bm ), power system stabilizer ( pssu ), shunt converter voltage 
magnitude ( em ), series converter phase angle( )ba , capacitor control ( cu ) respectively. 
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Figure 4.4: Residue output plot 
 
 
4.4 THE HIERARCHY OF DAMPING CONTROL 
The three methods presented in these sections, viz the minimum singular value, Hankel 
singular value and residue methods, give the similar hierarchy of the damping controls. 
Only the singular value method indicate the PSS to be the second best. Again, if we 
compare the indices one with another, all the 3 methods indicate greater superiority of the 
shunt converter phase angle control. Since in an actual power system not all the controls 
will be applied at the same time, shunt converter phase angle control may be an 
appropriate choice.   
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CHAPTER 5 
 
 
CONTROLLER STRUCTURES 
 
Once the effectiveness of the six controls variables [ psscbbee uumm ,,,,, aa ] in terms 
of providing the damping to the system is determined, the next step is to design the 
controllers which will appropriately modulate the control signals. The controller structures 
used in this thesis are lead-lag compensators and PI controls.  Here, we note that PI 
controllers are special case of lead-lag. The methods utilized in determing   the gains and 
time constants of these circuits are based on 
· Residue principle 
· Power oscillation damping (POD) 
· Pole placement 
 
 
5.1 LEAD-LAG COMPENSATOR 
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The lead-lag controllers are used in power system  to produce an electrical torque in phase 
with the speed deviation providing a additional damping to the system. The control of the 
UPFC can be modulated through auxiliary circuits in order to produce these damping 
torques. The outputs deviation of generator speed wD  is considered as the input to these 
controllers. The six alternative UPFC based damping controls are examined in the present 
work.  
 
The transfer function of a lead-lag block and in power system analysis is shown in Figure 
5.1 
 
 
Figure 5.1 Block diagram for lead-lag system 
 
The additional control circuit in the feedback path consists of  washout block  in cascade 
with the lead-lag circuit. The parameters of the damping controller 21,TT  and dcK  are 
obtained by using the damping controller design. The value of the washout time constant 
wT should be high enough to allow signals associated with oscillations in rotor speed to 
wD
 
PLANT 
_
+
w
w
sT
sT
+1
 dcK  
2
1
1
1)(
sT
sTsGc
+
+
=  
lluD  
Lead-Lag Compensator     Washout 
Gain 
du  
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pass unchanged. From the viewpoint of the washout function, the value of wT  is not 
critical and may be in the range of 1s to 20s. The detailed step-by-step procedure for 
computing the parameters of the damping controllers using lead-lag compensation 
technique is given below [5]: 
 
1. Computation of natural frequency of oscillation nw from the mechanical loop. 
M
k o
n
w
w 1=         (5.1) 
 
2. Computation of eGÐ  (phase lag between D u and D  eP ) at s = njw  ; let it beg . 
 
3. Design of phase lead/lag compensator cG : 
The phase lead/lag compensator cG is designed to provide the required degree of lead-lag 
compensation. For 100% phase lead/lag compensation, 
 
0)()( =Ð+Ð nenc jGjG ww       (5.2) 
Assuming one lead-lag network, 
 
21 aTT =          (5.3) 
 
 the transfer function of the phase lead/lag compensator becomes, 
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saTsGc +
+
=         (5.4) 
 
Since the phase angle compensated by the lead-lag network is equal to - g  the parameters 
a and 2T are computed as, 
 
g
g
sin1
sin1
-
+
=a         (5.5) 
a
T
nw
1
2 =          (5.6) 
 
4. Computation of optimum gain dcK . 
 
The required gain setting dcK  for the desired value of damping ratio z  is obtained as, 
)()(
2
sGsG
MK
ec
n
dc
zw
=        (5.7) 
 
where )(sGc and )(sGe are evaluated at s = njw . The signal washout is the high pass 
filter that prevents steady changes in the speed from modifying the UPFC input 
parameter. 
 
The combination of the compensator and washout will introduce 2 more differential 
equations [ uY ], which have to be solved along with 10 system differential equations 
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5.2 PI CONTROLLER. 
Proportional-integral-derivative [PID] is one of the most widely used controllers in 
continuous data control systems. The function of the proportional control is to make the 
response faster. The function of the integral control is to reduce steady state error, 
whereas the derivative control provides an anticipatory action to reduce the overshoots in 
the response, stabilize the system and slow down transient behavior. 
In order to get the best performance from a three-term controller, the amount of each 
action has to be selected carefully. PID control has been used in the industry because of 
its ease in use and it can be tuned to meet time domain specifications. In this section we 
will use residue method and pole placement techniques to determine the parameters of the 
PI controller. 
 
 
5.2.1 DETERMINATION OF CONTROLLER GAIN THROUGH RESIDUE 
METHOD 
The block diagram of transfer function of PI controller in the feedback path is shown in 
Figure 5.2 
 57
 
Figure 5.2 Block diagram for PI Controller 
This consists of a washout in addition to the proportional integral (PI) blocks. The 
transfer functions of the controllers  
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T =3        (5.11) 
The detailed step-by-step procedure for computing the parameters of the PI 
controller using the residue method is given in the follwing [5]:  
  
1- For given A, B, and C matrices calculate iR  from the relation,  
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Identify the state corresponding to the largest residue. Note, F and Y  for the 
different eigenvalues are obtained from equations (4.12) and (4.13). 
 
2- Calculate the angle )arg(1800 ic R-=F    (5.13) 
3- Find angle of line 
I
p
K
K
-  from the trigonometric equality ci F-Ðl  . Call it 
poleF . 
4- We know,  
I
p
ipole K
K
+Ð=F l      (5.14) 
5- Use the trigonometric relationship  
( )
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( )pole
i
p
I
i
real
K
K F=
+
tanIm
l
l
 and solve for 
p
I
K
K
   (5.15) 
6- Use  this value of 
I
p
K
K
 in implementing the controller 
 
Note, the addition of washout and PI control will introduce 2 differential equations in this 
case also, which will be integrated with system differential equations.  
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5.2.2 CONTROLLER  DESIGN THROUGH POLE PLACEMENT CONTROL 
TECHNIQUE 
One way of finding the parameters of the PI controller is the pole placement technique. In 
the design of fixed gain PI stabilizer, the gain settings pK  and IK  can be computed by 
assigning a pair of pre-specified eigenvalues 1ll =  and 2ll =  of the closed loop 
system of Figure 5.2. This is usually referred to as the pole-assignment or pole-placement 
method. The steps involved are: 
 
1. Determine the poles of the uncompensated plant given by the system equations  
     BuAxx +=  
 Cxy =   
2. Calculate the damping ratio (z ) from the dominant (electromechanical mode) 
eigenvalues. 
 
3. Determine how much to the left the eignvalues have to be shifted in order to get desired 
damping. Record the eignvalues wsl j±=2,1  
 
4. For the desired eignvalues, the closed loop system including the feedback controller H 
should satisfy the requirement that  
 0])()(det[ 1 =- - CBHII ll  
This yields, 
 
(5.16) 
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For wsl j+= , (5.15) and (5.16) yield 
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The details are given in appendix D 
 
The composite model of a synchronous generator UPFC system including the lead-lag or 
PI controller can be expressed through the 12th order dynamic relationship, 
 
),(
.
uxfx =          (5.20) 
Here, the state vector x = [ ]Tccfdqclqldeqed xxEewVBIIII 21' ,,,,,,,,,,, d  and 
the control (u ) comprises of[ ]Tpsscbbee uumm ,,,,, aa . The last two states are 
contributed by the controllers, 
(5.19) 
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CHAPTER 6 
 
 
SIMULATION STUDIES  
 
 
The single machine infinite bus system given in Figure 3.1 was simulated to test the six 
UPFC controller identified in the previous chapters. As indicated in chapter 4, the  
parameters of the  system are given in Appendix F. In the following, lag-lead and  PI 
designs are implemented independently for the six controllers cbbee umm ,,,, aa  and 
pssu  followed by coordinated application of the controls. All the comparative studies 
were made with the same disturbance of 10% torque pulse.  
 
 
6.1 SIMULATION STUDIES WITH LEAD-LAG CONTROLLER 
The lead-lag compensator designs were carried out through the procedure given in 
Chapter 5. The POD  controller was implemented such that it compensates the phase lag 
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between the control input print and power output print in the system block diagram. The 
design parameters are  21,TT  and dcK  in Figure 5.1. The design was carried out for the 
following controls 
· Shunt converter phase angle ( ea ). 
· Shunt converter voltage magnitude ( em ). 
· Series converter phase angle ( ba ). 
· Series converter voltage magnitude ( bm ). 
· Power system stabilizer ( pssu ). 
· Capacitor control ( cu ). 
Table 6.1 list the parameters obtained through the design procedure presented, for all the 
controls listed.  
 
 
 
 
 
 
 
 
 
 
Table 6.1: Optimum gain settings for lead-lag method 
Input Control 1T  2T  dcK  
ea  1.0967 0.07 -4.1365 
    
bm
 0.8091 0.09 -22.535 
    
em
 0.4567 0.15 36.4523 
    
ba
 0.1699 0.4 -403.78 
    
cu  0.1521 0.45 -325.85 
    
pssu  1.0967 0.7 9.2937 
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Figure 6.1 and 6.2 show the synchronous generator speed and rotor angle response 
following a 10% input torque pulse with and without the proposed lead-lag compensator. 
Responses are plotted for all the six controls. The response without control is oscillatory. 
While all the controls seem to provide reasonable damping, out of the 5 converter 
controls, the shunt converter phase angle control is slightly superior. While it is well 
known that in such scenarios, PSS control with a lead compensator is satisfactory, this 
serves as a basic for comparison. The variable capacitor control does not seem to be very 
promising, as was also observed in the decomposition method analysis.  
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Figure 6.1: Generator speed variation with time following a 10% input torque pulse for 
0.1 sec, with and without the lead-lag compensator 
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Figure 6.2: Generator rotor angle variation following a 10% torque pulse for 0.1 sec, with 
and without the lead-lag compensator 
 
 
6.2 SIMULATION STUDIES WITH PI CONTROLLER 
As mentioned earlier, the PI controller designs were carried out through the help of two 
techniques. These are residue method and by pole placement technique. In the residue 
method, the PI gain are so adjusted that the compensator controls the phase angle of the 
residue eventually improving the system transient behavior. The pole placement method is 
more direct, where PI gains are adjusted to give specific closed loop system damping 
ratio.     
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6.2.1 RESIDUE METHOD 
The gains of the PI controller obtained through the residue calculations are tabulated in 
Table 6.2 for the various control inputs ,,, bee mma …... etc. the corresponding damping 
ratio (z ) are also shown. If we observe the damping ratio obtained through incorporation 
of different controls, it can be seen that all the 5 converter controls provide more or less 
equal and reasonable amount of damping. The damping ratio obtained with the PSS 
control, however, is not that satisfactory. 
 
Input Control z  pK  IK  
ea  0.2224 -7.4 1.9 
    
bm
 0.2234 -28.58 -7.5 
    
em
 0.2241 36.56 60 
    
ba
 0.2288 -455.11 -115 
    
cu  0.212 -391.48 -350 
    
pssu  0.1133 -1.963 -46 
 
Table 6.2: Optimum gain settings for PI controller through residue method 
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The fact can be seen more clearly from the simulated transient responses shown in Figure 
6.3 and 6.4. the speed deviations and angle with the 5 controls are more or less a like, 
while it is poor with the PSS control.   
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Figure 6.3: Generator speed variation with time following a 10% input torque pulse for 
0.1 sec, with and without the residue PI controller 
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Figure 6.4: Generator rotor angle variation following a 10% torque pulse for 0.1 sec, with 
and without residue PI controller 
 
 
6.2.2 POLE PLACEMENT TECHNIQUE 
The eignvalues of the uncompensated system are  [-28 ±j2790.3, -9.4 ±j377.5, -21.8, -
19.7, -0.2 ±j4.0, -0.3 ±j0.8]. The corresponding damping factor find from the dominant 
eignvalues is -0.2 ±j4.0. In view of the fact that other methods gave a damping ratio of the 
order of 0.22, it was decided to design the PI controller such that the closed-loop system 
damping ratio is 0.22. The values of pK  and IK  obtained for the various control inputs 
are listed in Table 6.3. 
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Input Control pK  IK  
ea  -8.3211 -7.9027 
   
bm  -30.29 -43.06 
   
em  36.39 100.28 
   
ba  -472.3 -685.637 
   
cu  517.13 1075.9 
   
pssu  0.7633 -42.118 
 
Table 6.3: Optimum gain settings for PI controller through pole placement 
 
Figure 6.5 and 6.6 show the transient generator speed and angle variations with the 
different control inputs being generated through the PI controllers given in Table 6.3. 
Since the design closed loop damping ration is 0.22, it is generally expected that the 
transient responses in this figures will be similar. With the PSS control, however, it was 
observed that simulation gave a slight worsened response. The difference control have 
been in the inadequacy of the linear system to represent the nonlinear dynamics. 
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Figure 6.5: Generator speed variation with time following a 10% input torque pulse for 
0.1 sec, with and without the PI pole placement method 
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Figure 6.6: Generator rotor angle variation following a 10% torque pulse for 0.1 sec, with 
and without PI pole placement method 
 
 
6.3 COMPARISON BETWEEN DAMPING CONTROLLERS 
In the earlier sections, the hierarchy of damping control was established through 
decomposition methods, followed by simulation results on the power system considering 
the different controller structures. This section summarizes the results obtained by 
reorganizing the simulation results with the various damping controllers: 
1- Lead-lag controller. 
2- PI controller designed through residue principle. 
3- PI controller design through pole placement method. 
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The responses with the six control inputs for all the three control design scenarios are 
presented in the following  
 
 
6.3.1 LEAD-LAG CONTROLLER 
Figures 6.7 and 6.8 show the performance of the four UPFC controls ( bbee mm aa ,,, ) 
when lead-lag method was used to design the controllers.  Figure 6.7 shows the generator 
speed deviation while 6.8 shows the terminal voltage variation. For the ease of 
comparison, the same 10% input torque pulse case was compared.  
 
Note, the response with the two other controls cu  and pssu  have not been included here 
to avoid congestion in the plots. 
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Figure 6.7: Generator speed variation with time following a 10% input torque pulse for 
0.1 sec, with lead-lag controller 
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Figure 6.8: Terminal voltage variation with time following a 10% torque pulse for 0.1 sec, 
with lead-lag controller 
 
Comparison of the responses presented in the two figures demonstrate that shunt 
converter phase angle provide the best damping compared with the others. The other 
inputs, in order damping profile are series converter voltage magnitude, series converter 
phase angle and shunt converter voltage magnitude, respectively. 
 
 
6.3.2 PI CONTROLLER THROUGH RESIDUE METHOD 
Figure 6.9 and 6.10 show the comparison of generator speed and terminal voltage 
responses with the UPFC controls when the PI controller derived through residue method 
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is used. Table 6.4 summarized the performance indices like peak overshoot, peak time, 
and settling time. A comparison of the indices are made considering ea  as the base case. 
The transient performance indices are extracted from the speed variation plot. 
 
Observation of the transient responses in Figure 6.9 and 6.10 demonstrate that all the 
UPFC controls can be employed for stabilization through a PI controller. However, the 
best of them in terms of transient behavior is ea . The maximum percent variation in 
terms of peak overshoot and settling times are a bout 0.6% and 13%, respectively.    
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Figure 6.9: Generator speed variation with time following a 10% input torque pulse for 
0.1 sec, with PI through residue method 
 
 75
0 2 4 6 8 10 12
0.96
0.98
1
1.02
1.04
1.06
1.08
¬ ab
Te
rm
in
al
 V
ol
ta
ge
 (p
u)
¬ ae
¬ mb
¬ me
 PI Controller
Time
 
 
ab
ae
mb
me
 
Figure 6.10: Terminal voltage variation with time following a 10% torque pulse for 0.1 
sec, with PI through residue method 
Overshoot 
pM  (%) 
Peak Time 
pt (sec) 
settling time, 
sT (sec) 
% Difference in 
pM with ea  
% Difference 
in sT with ea  
ea  12.08 0.099 3.908 -------- ------- 
      
bm  12.15 0.099 3.913 0.57947 0.127943 
      
em  12.13 0.1 4.325 0.413907 10.67042 
      
ba  12.14 0.099 4.408 0.496689 12.79427 
 
Table 6.4: Analysis of speed response for various performance indices 
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Overshoot 
pM  (%) 
Peak Time 
pt (sec) 
settling time, 
sT (sec) 
% Difference in 
pM with ea  
% Difference 
in sT with ea  
ea  56.48 0.4844 5.228 -------- ------- 
      
bm  56.54 0.4718 5.434 0.106232 3.940321 
      
em  56.17 0.4428 5.962 -0.54887 14.03979 
      
ba  56.51 0.4756 5.987 0.053116 14.51798 
 
Table 6.5: Analysis of angle response for various performance indices 
 
 
6.3.3 PI POLE PLACEMENT TECHNIQUE 
The PI design through the pole placement method forces the closed loop eignvalues to the 
desired location. Hence, it is expected that the transient response provided by this 
controller with the different inputs will be alike. 
 
Figure 6.11 shows the transient speed variations following the pulse disturbance with the 
four UPFC controls. As, mentioned the transient responses are quite close, the best being 
provided by shunt converter phase angle ( ea ), the other in order being series converter 
voltage magnitude ( bm ), shunt converter voltage magnitude ( em ), and series converter 
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phase angle( )ba , respectively. The rotor angle signal in the integration of the speed 
signal, and hence the plot blows up the difference in response. Figure 6.12 demonstrates 
this. 
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Figure 6.11: Generator speed variation with time following a 10% torque pulse for 0.1 
sec, with PI through pole placement 
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Figure 6.12: Generator rotor angle variation with time following a 10% torque pulse for 
0.1 sec, with PI through pole placement 
 
 
6.3.4 CAPACITOR AND POWER SYSTEM STABILIZER CONTROLS 
Sections 6.3.1-6.3.3 compared the response of four UPFC controls. The other two 
controls, viz cu  and pssu  were not included for two reasons: 
1- These two controls were not found to be as effective compared to the others. 
2- To avoid the crowded responses on the same plot. 
For the sake of completeness, the transient generator speed and angle responses with 
cu , pssu and ea  control ( ea  was observed to be providing best damping) are compared 
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in Figures 6.13 and 6.14. As can be observed the transient response with ea  control is 
very superior to the other two. 
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Figure 6.13: Generator speed variation with time following a 10% input torque pulse for 
0.1 sec, with PI control through residue method for ( ce u,a and pssu ) 
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Figure 6.14: Generator rotor angle variation with time following a 10% input torque pulse 
for 0.1 sec, with PI control through residue method for ( ce u,a and pssu ) controls 
 
Table 6.6 gives a comparison of the performance indices with all the six controls designed 
with PI pole placement method. The best control signal ea , in terms of damping 
enhancement, is compared with the remaining strategies. The maximum difference in 
terms of peak overshoot and settling time have been observed to be 0.7 % and 31%, 
respectively 
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Overshoot 
pM  (%) 
Peak Time 
pt (sec) 
settling time, 
sT (sec) 
% Difference in 
pM with ea  
% Difference 
in sT with ea  
ea  12.08 0.099 3.908 -------- ------- 
      
bm  12.15 0.099 3.913 0.57947 0.127943 
      
em  12.13 0.1 4.325 0.413907 10.67042 
      
ba  12.14 0.099 4.408 0.496689 12.79427 
      
cu  12.17 0.1003 4.769 0.745033 22.03173 
      
pssu  12.13 0.099 5.116 0.413907 30.91095 
 
Table 6.6: Analysis of speed response for various performance indices 
 
 
6.4 SUMMERY OF THE CONTROL HIERARCHY ANALYSIS 
The last three sections verify the hierarchy of the controls in terms of damping 
performance through simulation studies. Though the simulation results do not give 
precisely similar out comes, the general order of the six controls are  
· Shunt converter phase angle ( ea ) 
· Series converter voltage magnitude ( bm ) 
 82
· Power system stabilizer ( pssu ) 
· Shunt converter voltage magnitude ( em ) 
· Series converter phase angle ( ba ) 
· Capacitor control ( cu ) 
Note that the order established through simulation studies is compatible with the findings 
of the hierarchy study through various decomposition methods. 
 
Figure 6.15 and 6.16 show a comparison of damping profiles with the three controller 
design techniques, lead-lag, PI through residue method and PI through pole placement 
method, for the most effective control identified  ( ea ). Figure 6.15 shows the speed 
variation and 6.16 the generator rotor angle for the pulse disturbance case. 
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Figure 6.15: Generator speed variation with time following a 10% torque pulse for 0.1 
sec, for ea  control 
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Figure 6.16: Generator rotor angle variation with time following a 10% torque pulse for 
0.1 sec, for ea  control 
 
 
6.5 SIMULATION STUDIES WITH SHUNT CONVERTER ANGLE 
This section presents simulation studies on the SMIB system with UPFC for a number of 
disturbance conditions considering auxiliary control in the ( ea ) input circuit. The PI 
controller using pole placement method has been used in this analysis because this was 
found to be the superior of the three controller designs in terms of damping improvement. 
Figure 6.17 show the non-linear synchronous generator speed response following a 10% 
input torque pulse with the proposed PI controller. 
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Figure 6.17: Generator speed variation with time following a 10% input torque pulse for 
0.1 sec, linear and nonlinear response with PI controller 
 
Figure 6.18 show the synchronous rotor angle response for different initial values, which 
is shown in Table 6.7,  following a 10% input torque pulse with and without the proposed 
PI controller. 
The response without control is oscillatory. While with controller seem to provide 
reasonable damping 
Index eP  eQ  tV  d in degree cV  
A 1.0127 0.3556 1.036 51.024 1.0127 
      
B 0.8425 0.5525 1.0456 40.797 0.9869 
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C 1.3012 0.5439 1.0441 62.363 1.0108 
      
D 0.6674 0.1254 1.0256 36.387 1.0217 
 
Table 6.7: Initial values indices 
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Figure 6.18: Generator rotor angle variation following a 10% torque pulse for 0.1 sec, 
with and without the PI controller 
 
Figure 6.19 and 6.20 show the synchronous generator speed and terminal voltage response 
following a three-phase fault at infinite bus ( bV ) for 0.2 second with the proposed PI 
controller. The control seems to provide reasonable damping. 
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Figure 6.19: Generator speed variation with time following a three-phase fault for 0.2 sec, 
with the PI controller 
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Figure 6.20: Terminal voltage variation with time following a three-phase fault for 0.2 
sec, with the PI controller 
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CHAPTER 7 
 
 
CONCLUSIONS & FUTURE WORK 
 
 
7.1 CONCLUSIONS 
The dynamic behavior of a single machine infinite bus (SMIB) system installed with 
UPFC has been investigated and the various controls which may be employed in damping 
power oscillations identified. The hierarchies of controls in terms of damping 
performance are established through singular value decomposition (SVD), residue 
method,  and Hankel singular value (HSV). The various decomposition methods indicate 
that, shunt converter voltage phase angle ( ea ) has the capability of providing best 
damping profile followed by series converter voltage magnitude( )bm , power system 
stabilizer ( pssu ), shunt converter voltage magnitude ( em ), series converter phase angle 
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( )ba  and capacitor control ( cu ) respectively. The singular value decomposition puts 
pssu  in the second places. 
  
Three controller structures were examined to generate the additional stabilizing signals for 
the different control signals. All these three, the lead-lag compensator based POD design 
and two PI designs were observed to produce good additional stabilizing signals. Since PI 
design with pole placement method can directly effect the closed loop response, it was 
observed to provide better response. 
 
The order of the stabilizing controls were verified by direct simulation of the system 
dynamics. It was observed, in general, that there was a good agreement of the findings of 
the simulation results with those found through decomposition techniques. PSS control 
though is widely used in power system studies, was only found to be at best in second 
place with respect to converter controls.  
 
The designs of the controllers, were performed in the linear domain. Simulation studies 
with the nonlinear system model exhibited similar dynamic profile in terms of system 
damping. 
 
The hierarchy study and control designs are relatively straight forward and has the 
potential of being applied to multi-machine power system. 
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7.2 FUTURE WORK 
The following are the recommendations for future work: 
· The controllers design techniques can be extended to two machines or multi-
machine power system. 
· The aspect of local and global control for multi-machine system can be explored. 
· Machine speed has been considered to be the input signal to all the stabilizing 
circuits. Use of other input signals can be explored.  
 
 
 I
APPENDIX A 
 
In this section we will linearize the non-linear equations for single machine infinite bus 
connected with UPFC as shown in Figure A1, the equations are as follows 
 
 
  
Figure A1: Power system with UPFC 
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The derivation of the two new state equation of the PI through residue method  
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PI CONTROLLER  
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Substituting wsl j+=  into equ.(2), where λ is the desired eigenvalue of the closed-loop 
system equipped with the PI controller s  is the real part of the desired eigenvalue and w  is 
the imaginary part of the desired eigenvalue. 
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Collecting the real parts together and equating them with the real part of )(lH in equ.(1) 
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Similarly, collecting the imaginary parts together and equating them with the imaginary 
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SINGLE MACHINE INFINITE BUS SYSTEM DATA 
 
 
The parameters of the synchronous generator-UPFC system (per unit) 
 
 
H=4s   dx =1   3.0
' =dx   6.0=qx  
rK =6   05.0=rT   044.5
' =doT   w =377 
D=0   cT =0.05  cK =50   
 
Line, Transformer resistance and Reactance 
 
 
lr =0   ll =0.3   dcC =3  tx =0.05  
ex =0.1  eL =0.1  er =0.01  br =0.01   
bx =0.1 
Selected operating quantities and other corresponding values: 
eV =1.02
o0Ð  bV =1
o23-Ð  eP =0.93  eQ =0.1488 
'
qoe =1.0804  tV =1.026  d =49.056°  em =1 
bm =0.1  fdE =1.4487  cV =1.0288  be =0.0926 
ba =2.3328°  ee =1.0288  ea =1.0716° 
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